The assessment of the regional match between alveolar ventilation and perfusion in 44 critically ill patients requires simultaneous measurements of both parameters. Ideally, 45 assessment of lung perfusion should be performed in real-time with an imaging 46 technology which provides, through fast acquisition of sequential images, information 47 about the regional dynamics or regional kinetics of an appropriate tracer. We present a 48 novel electrical impedance tomography (EIT) based method that quantitatively estimates 49 regional lung perfusion based on first-pass kinetics of a bolus of hypertonic saline 50 contrast. Pulmonary blood flow was measured in six piglets during control and unilateral 51 or bilateral lung collapse conditions. The first-pass kinetics method showed good 52 agreement with the estimates obtained by single-photon-emission computerized 53 tomography (SPECT). The mean difference (SPECT minus EIT) between fractional 54 blood flow to lung areas suffering atelectasis was -0.6 %, with a standard deviation of 2.9 55 %. This method outperformed the estimates of lung perfusion based on 56 impedance-pulsatility. In conclusion, we describe a novel method based on Electrical 57
INTRODUCTION 68 69
Efficient gas exchange, the primary function of the lung, is the result of an intimate 70 matching of regional ventilation and perfusion across alveoli. Critically ill patients under 71 mechanical ventilation often present gross disturbances of pulmonary gas exchange. To 72 determine the regional matching of alveolar ventilation and perfusion during pathologic 73 conditions a method capable of measuring ventilation and perfusion, both globally and 74 regionally, is needed. Such measurements go beyond the structural and anatomical 75 information provided by classical imaging technologies and require functional 76 information like regional blood flow or the regional kinetics of a convenient tracer at the 77 bedside. In recent publications the determination of regional perfusion through atelectatic 78 lung units has been repeatedly pointed out as an important missing link in the assessment 79 of the consequences of mechanical ventilation (15, 16) . 80
New developments in functional imaging methods such as magnetic resonance imaging 81 (MRI) (50), X-ray computerized tomography (CT) (5, 6, 23, 32) , single-photon-emission 82 computerized tomography (SPECT) (29) and positron emission tomography (PET) have 83 provided, to various degrees, interesting insights into the heterogeneity of lung aeration 84 and the distribution of ventilation and perfusion. From these methods, PET has 85 established a quantitative relationship between regional ventilation and perfusion and gas 86 exchange (52). However, the above methods lack the ability to track the frequent changes 87 in the lung structure and function that occur in the critically ill, because they do not allow 88 for continuous monitoring at the bedside. Novel methods capable of repeated data 89 acquisition and interpretation in real time are welcome. 90
Electrical impedance tomography (EIT) has emerged as a new functional imaging 91 method potentially meeting many clinical needs (1-3, 8, 25, 51) . Subjecting the chest to 92 minute electrical currents this radiation-free, noninvasive technique measures the electric 93 
METHODS 126
Electrical impedance tomography 127 128 EIT data were acquired using the ENLIGHT platform for impedance tomography, 129 developed by the Experimental Pulmonology Laboratory and Polytechnic Institute of the 130 University of São Paulo, in a partnership with Dixtal Biomédica Ltda., São Paulo, . The prototype is capable of producing 50 real time images per second. After 132 measuring the thoracic perimeter, 32 adhesive electrodes were placed equidistantly 133 around the circumference of the thorax just below the level of the axilla. Small electrical 134 currents (5-12 mA; 125 kHz) were injected in a rotating sequence through pairs of 135 electrodes, with one non-injecting electrode interposed between two injecting electrodes. 136
During an injection pattern, the non-injecting electrodes were used to measure 29 137 differential voltages between interleaved electrode pairs in parallel. One complete 138 acquisition cycle of 32 current patterns produced 928 voltage measurements comprising 139 one "raw voltage frame" used as an input to construct a relative EIT image. These images 140 were generated by a reconstruction algorithm for a cross section of the thorax, which is 141 based on a sensitivity matrix derived from a three-dimensional finite element model with 142 approximately 6000 elements, 6 cm thick, and with the approximate dimensions of a 143 piglet's thorax (21x22 cm). The relative impedance changes estimated for the mid layer 144 of the finite element mesh (midway along the craniocaudal axis) was plotted in a matrix 145 containing 860 valid pixels from a total of 1024 (32 by 32). Thus, the size of each pixel 146 corresponded to approximately 0.7 x 0.7 cm in the axial plane. A "primary relative 147 image" was created by comparing the most recent raw voltage frame with a reference 148 frame recorded at the beginning of each data acquisition or at any other selected moment. 149
Output pixel values represented percent changes in local impedance as compared to such 150 reference. For the present analysis, the reference was taken either at the beginning of each 151 by 10.220.33.2 on July 11, 2017 http://jap.physiology.org/ Downloaded from ECG-triggered data acquisition, or at the beginning of inspiration for mechanical 152 ventilation-gated images. In the case of our novel perfusion analysis, however, the 153 reference frame was always taken at apnea during a preceding expiratory pause. For 154 further details on the technical aspects of EIT technology, see references (4, (12) (13) (14) . 155
The average or simple sum of all pixel values within each output image was plotted 156 against time, producing a global EIT signal. Such signal is linearly related to changes in 157 parenchymal air content (39, 51) . This concept was applied regionally within regions of 158 interest (ROIs) producing regional EIT signals. 159
160

Concept of estimating regional lung perfusion by EIT 161
Due to its high conductivity NaCl-20% acts as an EIT contrast agent (9, 20, 49) which 162 after injection into the right atrium, during apnea, passes through the pulmonary 163 circulation thereby producing a dilution curve that follows typical first-pass kinetics. The 164 resulting regional time-impedance curves are then analyzed to quantitatively assess 165 regional perfusion. After inverting these curves (multiplying by -1) an appropriate time 166 window lasting from the moment of bolus infusion until just before some impedance 167 rebound was detected (usually at the mid decay of the curve) was selected to avoid 168 recirculation artifacts. This window was restricted further by using data points from the 169 beginning of the perturbation until its peak (48), thereby making recirculation artifacts 170 even more unlikely. The resulting curve was then fitted on a pixel by pixel basis by a 171 corresponding gamma variate function. (33, 48) 172
Before using such routine, however, the following additional signal processing at the 173 pixel level had to be performed: 174 During contrast bolus injection, some EIT pixels, especially those in the right heart 177 region, typically show a two valley-behavior in which the earlier local minimum is 178 related to the passage of the bolus through the right heart, and the later one, to its passage 179 through the lung parenchyma -with both phenomena represented within the same pixel 180 (Figure 1 ). Such behavior, known as partial volume effect, is well described for CT 181 technology. Given the relatively large pixels and comparatively poor spatial resolution of 182 EIT, especially along the Z axis (craniocaudal), this effect requires proper treatment. 183
We assumed that each pixel in the image was composed of a double compartment, an 184 earlier and faster one related to the right heart, and a later and slower one to the lung. Each 185 compartment exhibited its own first-pass kinetics and a respective gamma function. The 186 fitting process was then performed in such a way that the sum of the two independent 187 gamma functions had to best fit the raw curve for each pixel, allowing a certain temporal 188 overlap between both curves. We then discarded the right heart component and continued 189 the analysis with the net lung-perfusion signal corresponding to the expected behavior of 190 the slow compartment and its respective gamma function ( Figure 1) . 191
192
Left cardiac phase and recirculation 193
Perfusion of the bronchial arteries and systemic recirculation cause a typical and late (8 to 194 12 seconds after bolus injection) rebound of impedance perturbation of very low 195 magnitude. For most measurements it was easy to select a time window long enough to 196 obtain an adequate curve fitting but short enough to avoid contamination by the above 197 phenomena. In addition, a transient and localized impedance rebound was sometimes 198 observed due to accumulation of contrast within the left cardiac chambers. This effect 199 happened before recirculation and just a few frames (0.5 to 1.0 s) after the main 200 lung-perfusion phase. Although causing impedance perturbations of much lower 201 magnitude than the right heart, we reasoned that such phenomenon could also cause 202 by 10.220.33.2 on July 11, 2017 http://jap.physiology.org/ Downloaded from partial volume artifacts in the few pixels corresponding to the left heart region leading to 203 an overestimation of the net lung-perfusion components. Therefore, especially because of 204 those pixels with a very slow perfusion and those showing an early left heart perturbation, 205
we used a method to estimate regional blood-flow which relies solely on the part of the 206 dilution curve before its peak. For details see below and Appendix. 207 208
Calculating regional flow 209
After extracting the net contrast curve representing lung perfusion within each pixel the 210 following parameters were derived from the fitted gamma function: peak-value, 211 time-to-peak, area above the curve (i.e. integral of the corresponding gamma function 212 curve over time -also called gamma-area (48)), and maximum-slope within the time 213
interval from time-to-appear to the time-to-peak. 214
The most widely described method for calculating regional blood flow in CT analysis, 215 MRI, or focal angiograms is based on the Central Volume Theorem (57), according to 216 which the regional perfusion of a parenchymal organ is expressed by the following 217 formula: 218
Relative Blood Flow (pixel) = Relative Blood Volume (pixel) / Mean Transit Time (pixel) ; 219 where the Relative Blood-Volume (pixel) is directly estimated from the fitted gamma-area 220 for each pixel. 221
In our calculations, however, the accurate estimation for the Mean-Transit-Time would 222 require not only the removal of the signal-components related to recirculation and left 223 cardiac phase, but also the simultaneous measurement of the time-impedance curves of 224 the feeding pulmonary artery (to be used in a deconvolution process, in order to correct 225 for the fact that the bolus is not fast enough given region of interest (28, 36) . Assuming there is no venous drainage of contrast before 230 the peak of the pulmonary artery input function, the accumulated mass of the contrast 231 within a pixel can be calculated as the product of regional blood flow and the time 232 integral of the pulmonary artery contrast concentration: 233
Differentiating equation (1) leads to an expression of the slope or dm(t)/dt: 235
Consequently, the slope will be maximal when the pulmonary artery concentration is 237 maximal. Regional blood flow can then be calculated as: 238
The maximal slope method is thus based on the concept that the speed of accumulation of 240 contrast within a pixel -represented by the initial slope of the gamma-curve -reflects 241 perfusion as the flow of blood into that pixel, or the wash-in function to that 242
compartment. An assumption of this method is that there is no venous outflow of 243 contrast during the period used for estimating the slope, thus requiring a high rate 244 of contrast injection in relation to the transit-times found in the lung. Another 245 assumption is that we are assuming that the blood flow is constant, instead of pulsatile. 246
For EIT, this method is especially convenient for several reasons: a) the high temporal 247 resolution of EIT delivers up to 50 points per second with a signal-to-noise ratio higher 248 than in CT or MRI imaging at their common resolutions, making the curve fittings andslope determinations more reliable; b) the bolus of hypertonic contrast is relatively small 250 (5 ml) and can be infused in less than 1 second; c) we observed that pixel perturbations 251 caused by the given amount of hypertonic contrast were well above background noise 252 (the signal to noise ratio per pixel is higher than in CT studies of lung perfusion, for 253 instance) d) there was no need to measure the input function as we were not interested in 254 absolute values of perfusion, (it was enough to compare pixels within the image); and e) 255 we could focus on the very initial part of the gamma-curve for each pixel thereby 256 avoiding recirculation and left-heart artifacts. These artifacts can markedly affect the 257 gamma-area calculations but their effect on the initial slope of such gamma-curve is 258 negligible. For each pixel, we searched for the maximum slope of the gamma-function 259 from the time-to-appear to the time-to-peak of the fastest pixel (i.e., after removing the 260 right heart perturbations, we identified the first pixel in the image to reach its peak and 261 assumed that it represented the compartment with the fastest transit time within the lung). 262
The relative proportion of this fastest slope, against the slopes for all other pixels, 263
represented the relative perfusion to each lung region. 264
In order to evaluate the predicted performance of such adapted algorithm, we performed 265 heuristic mathematical simulations (see Appendix I). 266
267
EIT-perfusion analysis based on local lung pulsatility 268
At each protocol condition an EIT perfusion analysis based on local lung pulsatility (ΔZ) 269 (7, 17-19, 30, 37, 45, 53, 55) was performed and compared with the hypertonic saline 270 bolus first pass kinetics method. 271
Briefly, this method is based on the fact that the ejection of the stroke volume from the 272 right heart during systole causes an increase in intravascular pulmonary blood volume 273 and pressures, which leads to the distension of the elastic pulmonary vascular bed; such 274 bulging of blood within septa purportedly causes a decrease in local electrical impedance. 275
It is assumed that such cyclic changes in regional impedance reflect the proportion of the 276 stroke volume directed to such regions. Thus, by measuring the amplitude of the cyclic 277 changes in lung impedance for each pixel, one can estimate the local distribution of right 278 ventricular stroke volume or the local distribution of pulmonary blood flow. The 279 pulsatility measurement did not require a contrast agent and was made using an 280 ECG-gated acquisition comprising 50 consecutive cardiac cycles during a 20 second 281 apnea. Additionally, the resulting gated signal was low-pass filtered at a frequency of 282 15Hz to avoid overestimation in the ΔZ due to noise (24). 
Experimental protocol 286 287
The study was approved by the Animal Ethics Committee of Uppsala University 288 (Sweden). Six piglets (2-3 months old weighing 28.4 ± 2.6 kg) of mixed Hampshire, 289
Yorkshire, and Swedish country breeds obtained from a local breeder were used and 290 studied during various experimental conditions. All animals underwent the same routine 291 instrumentation, intravenous anesthesia using a combination of fentanyl, ketamine and 292 midazolam, and monitoring as previously described (46 were corrected for radiation spill-over and for baseline subtraction using a HERMES 341 workstation (Hermes Medical Solution, Stockholm, Sweden). For each reconstructed 342 slice the contents were analyzed by custom-made software. Before calculating activity 343 distribution, a background subtraction of 10% of the global maximum was performed. 344
As opposed to EIT, SPECT measurements had to be performed along the entire 345 experimental condition for 45 min in order to improve signal to noise ratio. The initial 346 bolus of labeled albumin, however, was injected after switching the ventilator to CPAP 347 maintaining the same level of expiratory pressure but eliminating tidal ventilation, 348 similarly to the injection of hypertonic saline during EIT acquisitions. EIT-gamma variate modeling, maximal slope = pixel by pixel maximal slope of the 382 gamma-function of the net lung perfusion component from the time-to-appear to half the 383 time-to-peak of the fastest pixel, ROI a (maximal slope) = sum of (maximal slope) values 384 of all pixels encompassed in ROI a , total (maximal slope) = sum of (maximal slope For EIT pulsatility analysis, all pixels corresponding to the heart region were previously 396 removed. The selection of such pixels was based on a phase analysis: pixels presenting a 397 predominant positive variation in ΔZ between two consecutive QRS complexes were 398 considered "heart" pixels (21, 47) (Figure 4) . 399 The discrepancy was especially magnified in the presence of whole lung atelectasis, or 437 after the infusion of nitroprusside. In all animals, SPECT analysis indicated that 438 atelectasis caused a systematic decrease in local perfusion (mean decrease = -23% of 439 total pulmonary blood flow; range: -14% to -29%; P = 0.028, Wilcoxon rank test). The 440 pulsatility analysis, however, showed contradictory results: atelectasis of the injured, 441 dependent lung zones caused some decrease in ΔZ pulsatility, but atelectasis of one 442 whole lung caused a marked increase in local ΔZ pulsatility in two animals. In Figures 4B  443 and 5, we show one extreme example in which EIT´s local pulsatility estimated a 444 fractional perfusion of 74% to the atelectatic left lung, whereas the SPECT indicated just 445
19%. 446
The infusion of nitroprusside increased the blood flow through atelectatic areas in all 447
animals. The pulsatility analysis, however, systematically suggested a decreased blood 448 flow through atelectatic areas after nitroprusside. 449 We herein report a novel EIT-based method for estimating regional lung perfusion at the 479 bedside. The proposed approach is based on first-pass kinetics of an EIT-indicator 480 dilution curve, using hypertonic saline bolus, and overcoming major limitations of a 481 pulsatility-based method. This method showed a good agreement with estimates of lung 482 regional perfusion obtained by SPECT. Our findings also support the notion that 483 EIT-pulsatility may be a less suited method for estimating pulmonary perfusion. for the poor performance of the pulsatility method would be the inclusion of the heart 495 region in the measurements, which we tried to avoid by identifying the heart region and 496 excluding it from the analyses. However, the identification of pixels corresponding to the 497 heart region might have been less than ideal in some cases which could partially explain 498 the overestimation of perfusion to the upper left quadrant by the pulsatility method. The 499 review of individual cases suggested that it is hard to completely exclude residual 500 components of left atrium from the images. The phases of the left atrium and lungs are 501 Within the atelectatic lung, the elastic compartment represented by small pulmonary 510 vessels seems to accumulate great part of the stroke volume at the end of systole, 511 expelling it back to the contralateral lung during diastole. The much later nadir of EIT 512 signal oscillations in the healthy lung (suggesting a later surge in local blood volume), as 513 compared to the atelectatic one ( Figure 4C ), suggested this redistribution of perfusion 514 ("pendelblut" in analogy with the German term "pendelluft") between both lungs. This 515 "pendelblut" was not present during bilateral ventilation. We hypothesize that, in the 516 presence of massive atelectasis, the "pendelblut" effect could be so marked and 517 prolonged that the normal diastolic emptying of pulmonary vessels might be attenuated, 518 decreasing the magnitude of ΔZ-pulsatility in the healthy areas. It works as if the healthy 519 lung was receiving an almost constant flow rather than a pulsatile, variable flow. Thus, 520 despite a higher flow rate (as evidenced by SPECT and EIT-first-pass kinetics) the 521 healthy lung had lower pulsatility. 522
Interestingly, nitroprusside infusion always attenuated the relative pulsatility within the 523 collapsed lung ( Figures 4C and 5) , although systematically increasing the amount of 524 blood shunting through these areas. This seemed to be associated with an increased 525 pulsatility within the remaining open lung areas, rather than a true attenuation within 526 collapsed areas. 527
It is important to keep in mind that, although the pulsatility method has been appealing 528 because of its ease, it does not rely on solid mathematical foundation to really represent 529 perfusion in a quantitative manner. In contrast, the theory behind the first-pass kinetics of 530 a tracer and the maximum-slope approach described in this study are concepts that relate 531 to classic physiological studies (11, 28, 34, 57) about parenchymal perfusion, having also 532 a proven mathematical justification (see the mathematical model described in the 533 Appendix 1). The present data may unravel a potential limitation of the pulsatility 534 method, especially in conditions where atelectasis may play an important role, which will 535 have to be confirmed in further studies. 536
Besides the small number of animals, which prevented us from presenting definitive 537 statistics, but rather a descriptive proof of concepts, some other limitations of this study 538 deserve mentioning. First, due to technical reasons, SPECT and EIT image acquisitions 539 could not be done simultaneously, but sequentially. In order to circumvent this limitation, 540 we always waited for steady-state conditions, including the effects of nitroprusside, 541 whereby a continuous monitoring of arterial blood gases was essential. A second 542 limitation comes from the fact that SPECT is essentially a 3D imaging procedure, while 543 EIT analysis is something between 2D and 3D (although the finite mesh is 3-D, the 544 electrodes were placed within a single plane). Although reasonably large, the effective 545 thickness of the EIT cross-sectional slice (~5-10 cm), varies with the size and shape of the 546 animal (14), and one could never guarantee that most of the lung is being represented in 547 all animals. Clinically, this limitation has to be balanced against the 20-seconds 548 acquisition in EIT versus the 45-minutes acquisition in SPECT. The subtraction of the 549 cardiac component of perfusion from mixed pixels while maintaining the net lung 550 component (Figure 1 ) by using the EIT-gamma variate algorithm was an essential feature 551 of this method. However, at the edges of the heart, some challenging overlap between the 552 behavior of lung and heart tissue may have remained, sometimes causing uncertainties in 553 the double-function fitting process. This phenomenon may be responsible for the lower 554 agreement between SPECT and EIT in the upper left quadrant. Although the location of 555 the cardiac chambers in humans could make this differentiation easier in the clinical 556 setting, more studies on this subject are needed. Fourth, the assumption of the maximal 557 slope method that no tracer leaves the ROI before the peak artery concentration is reached 558 could be violated in the presence of the combination of high blood flow and low blood 559 volume. As discussed in the appendix 1, however, such violations in the assumption 560 would lead to small estimation errors, provided that blood volume decreases by no more 561 than one order of magnitude. Another potential limitation of the proposed method is the 562 possibility of some diffusion of sodium chloride to the outside of the vessels in the lungs. 563
In this situation, the solute that remains in the vessel will leave the lungs through the 564 venous drainage, while the diffused solute will tend to stay in the lungs, violating the 565 conservation of mass principle (unless an extravascular compartment is accounted for). 566
For the calculations of the maximal slope, however, the conservation of mass could still 567 be applied correctly, since one of the assumptions is that there is no outflow of hypertonic 568 saline before the peak of the pulmonary artery input function. In this case, what the 569 conservation of mass implies is that all the solute that reaches the ROI (feeding vessel and 570 extravascular compartment lumped together), irrespective of whether it remains inside 571 the vessels or not, came through the feeding artery. Finally, one last important theoretical 572 concern is that, due to the low spatial resolution of EIT, the maximum slope time-point 573 might be slightly displaced (in time) among sub-regions within the ROI, likely causing 574 wrong estimates of spatially-averaged maximum-slopes. The extent of this potential 575 limitation deserves future studies. 576
In conclusion, we describe a novel method based on Electrical Impedance Tomography 577 for estimating regional lung perfusion at the bedside. In both, healthy and injured lung 578 conditions, the distribution of pulmonary blood flow as assessed by EIT agreed well with A mathematical model representing 3 compartments, the right heart in series with two 613 lung compartments in parallel (compartments A and B), was simulated, using reference 614 conditions found in normal physiology: right heart chamber volume ~150 ml; infusion 615 time ~2 s; baseline blood-volume for each lung compartment ~150 ml; total cardiac 616 output ~5 l/min. Each lung compartment had an inflow equal to its outflow, adjusted 617 independently from other compartments, and thus a fixed blood-volume over time. This 618 fixed blood-volume could be different among compartments, depending on simulations. 619
Equations simulating mass balance and concentration curves inside each compartment 620 were solved numerically, by assuming that: a) the contrast was infused at the right heart 621 chamber, in a short bolus (2s); b) the bolus suffered immediate and ideal dispersion; c) 622 blood flow was constant and non-pulsatile. 623
We calculated the regional percentage change in resistivity according to a modification 624 of the formula proposed by Brown et al (9) The estimated regional lung flow was calculated as the maximal slope derived from the 632 fitted gamma-curve (34). As in our experiments, we searched for the maximal slope from 633 the start to the time-to-peak perturbation. Percent flow directed to compartment A was 634 calculated as the maximal slope of that compartment A divided by the sum of the slopes 635 of compartments A and B. 636
We simulated changes in the perfusion to compartment A from 100% down to a 637 minimum of 10% of the value in compartment B, which was kept constant (Appendix 638 Figure, left) . The maximal slope of the perturbation found in compartment A (derived 639 from the gamma-fitted curve) showed a strong linear correlation with the true perfusion 640 simulated in the model (R 2 = 1.00). Additionally, we varied the volume of blood 641 contained in compartment A from 100% down to 10% of the value found in compartment 642 B, while keeping the perfusion (input flow) fixed in both compartments, in order to assess 643 if the estimation of the perfusion was affected by changes in the residing blood volume 644 (Appendix Figure, right) . For values of blood volume above 30% of the initial value, the 645 maximal slope measurement was not affected by the decrease in blood volume. For 646 greater decreases in blood volume (below 30% of the initial value), perfusion was 647 underestimated, albeit to an error of less than 10%. 648 Therefore, we concluded that the maximum slope was a robust estimate of perfusion even 649 in the presence of changes in blood volume, provided that those changes are not greater 650 than one order of magnitude. Previous studies on blood pooling at dorsal, 651 gravity-dependent lung regions have revealed that a difference of 10 times in blood 652 volume can be found in normal lungs, when comparing the two most extreme lung 653 regions along the gravity axis. Under such conditions, the maximum slope approach 654 would underestimate the perfusion of these lung regions with very low blood volume by 655 approximately 10%. 
APPENDIX 2 660 661
The new dilution curve fitting method 662
We developed an automatic/heuristic solution that ran for every pixel in the figure in a 663 batch process. Before the gamma fitting, we used a finite-impulse response filter in the 664 time domain to reduce the high-frequency noise. To the filtered signal, we applied the 665 fitting process, described in detail elsewhere (48), Of note, the fitting was non-iterative 666 and made use of only 3 relevant data points: the time to appear, the middle-height point, 667
and the peak point. If the curve had two peaks, as in Figure 1B , we localized the two 668 peaks, even when the first one was smaller than the second one (by using the second and 669 third derivatives), and applied this gamma fitting to the 3 data points obtained till the first 670 peak. This procedure intrinsically assumed that no contrast entered the lung before the 671 first peak in the right heart. Then we calculated the subtraction between the raw contrast 672 curve and the gamma-fitted curve of the right heart. We subsequently performed a second 673 gamma fitting to this subtracted curve, obtaining the gamma-fitted curve related to the 674 lung. This procedure was performed on a pixel-by-pixel basis. Bad fittings occurred in 675 5-10% of the cases and could be detected as pixels to which there was either zero or 676 abnormally high perfusion (outliers). When this happened, we visually detected the right 677 heart area as well as the typical-lung areas -using videos of the saline passage through the 678 heart and lungs -and used the time to peak information of each of these two regions to 679 establish boundaries for fitting. For instance, if the first peak of a two-peaked curve 680 occurred close to the time to peak of the typical-lung pixel, the second peak would be 681 ignored, as opposed to considering the first and second peaks as related to the right heart 682 and lung, respectively. 683
684
Limitations 685
In our images, due to the low spatial resolution, it was very difficult to separate the lung 686 parenchyma from the pulmonary vessels of second or third generation. Thus, our 687 perfusion data was likely contaminated by the perfusion of the large pulmonary arteries. 688 This is a limitation when analyzing very small regions of interest, since the inclusion or 689 not of an artery can cause large differences in the estimates (especially if the cross section 690 of the artery belongs to one region of interest but its feeding territory belongs to another 691 one). However, when analyzing large regions of interest, as in our study, it is very likely 692 that the perfusion of big arteries is mixed up with the surrounding parenchyma perfusion, 693 and both are strongly related to the perfusion of the respective region of interest. 694
In theory, there might be to some extent diffusion of sodium chloride to the outside of the 695 vessels in the lungs (characterizing the system as "open" instead of closed). In this 696 situation, the diffused solute would tend to stay in the lungs, while the solute that 697 remained in the vessel would leave the lungs through the venous drainage. In order to 698 apply the principle of conservation of mass, we would need to consider a closed system 699 and, therefore, we should consider the three compartments: the arterial (input), the 700 interstitial (diffused solute), and the venous (output). Since the calculation of the maximal 701 slope assumes that there was no outflow of hypertonic before the peak of the pulmonary 702 artery input function, the conservation of mass would still be applied correctly if we only 703 consider a system with two compartments. Relative perfusion simulated in compartment A (%) Blood-volume kept constant = 150 mL 10
